I
nitially implemented by Roy-Camille 1-3 as a method for attaching plates to the spine, transpedicular screw fi xation has been increasingly popularized in the treatment of various spinal deformities, such as scoliosis and spondylolisthesis. [4] [5] [6] It allows for segmental instrumentation into multiple vertebrae across multilevel fusion area. Studies have shown that pedicle screw fi xation offers considerable biomechanical advantage over the conventional hook fi xation and lateral mass screw fi xation. [7] [8] [9] [10] Despite its true 3-column fi xation and superior pullout strength, transpedicular screw fi xation in the middle and upper thoracic levels remains controversial because of the smaller pedicle dimensions and the wide variation in morphometry. [11] [12] [13] Mechanical failure of the pedicle screw and the cancellous bone quality of the thoracic vertebrae contribute to fi xation failure.
14 Furthermore, the complexity of spinal instrumentation necessitates the optimization of pedicular screw confi guration. Typically, surgeons use imaging modalities such as CT or MRI for preoperative planning of pedicle placement. However, the normal thoracic kyphosis, in addition to the pedicle's complicated inner structure and special spatial orientation, prevents accurate measurement and proper screw selection.
To ensure the safe application of transpedicular screw fi xation, researchers have extensively studied the morphometry of thoracic pedicles. Some used imaging techniques of CT and MRI, [15] [16] [17] [18] and others used direct measurement tools such as calipers. [19] [20] [21] [22] Many of these studies were performed in Asian or Mediterranean population. 16 , 17 , 20 , 21 , 23-25 Most striking of all, many studies have very small sample size, ranging from 10 specimens 26 up to 180 specimens. 17 Variations in morphology from these studies may be related to age, race, sex, and inadequate sample size, as well as to differences in experimental technique. Our study directly measures 503 cadaveric specimens from an American population to provide the most accurate and precise account of upper thoracic pedicle morphometry. Our fi ndings will help provide the clinician additional information regarding variation of pedicle dimension and its relationship to different demographic factors.
MATERIALS AND METHODS

Subjects
The Hamann-Todd Osteological Collection in Cleveland, Ohio contains more than 3300 treated and dried specimens, making it the largest modern collection of documented human skeletons in the world. The specimens in the collection are from individuals who died in Cleveland between 1893 and 1938. Specimens from this collection include documented height and weight at the time of death, sex, and ethnic origin. For this study, 503 specimens were randomly chosen for examination in no particular order. Those with congenital diseases such as scoliosis were excluded; documentation of past medical and surgical history was largely unavailable. We included 404 male and 99 female specimens; 222 were from African American individuals and the remainder from Caucasian individuals. The average age of the sample cohort was 47 years (range, 17-93 yr). The average height was 170 cm and the average weight was 56 kg. Demographic data pertaining to age, sex, and ethnicity of the 503 specimens were documented ( Table 1 ) .
One examiner (C.C.Y.) subjectively measured the gross specimens by using a digital caliper with a precision of onehundredth of a millimeter. The caliper was placed at the narrowest points of the pedicle height (PH) and pedicle width (PW). PH was measured with a lateral approach of the caliper ( Figure 1A ) in the sagittal plane, and PW was measured with an inferior approach ( Figure 1B ) in the transverse plane. Measurements on all vertebrae of one specimen were completed before moving onto the next specimen.
Statistical Analyses
Means and standard deviations were determined for each of the measurements made for the population as a whole and for various subpopulations, based on age, sex, race, height, and weight. A multiple regression model was developed to compare pedicle dimension differences with all specimen demographic data (age, sex, race, height, and weight). Statistical analyses were performed using Statgraphics Centurion XVI (version 16.2, Statpoint Technologies Inc., 
RESULTS
The averages of left and right pedicles were calculated and employed for data analysis. Left and right measurements were identical ( P > 0.05) except at the following levels ( P < 0. 
Age
Linear regressions of PH and PW versus age calculated the coeffi cients at 0.010 to 0.019 mm/year ( Table 2 , column A) after correcting for sex, race, height, and weight. Comparing a 25-year-old person with a 75-year-old person, an increase of 0.5 to 1 mm could be expected in either PH or PW. With respect to age, specimens were categorized into 4 quartiles: 30 years or less, 31 to 49 years, 50 to 69 years, and 70 years or more ( Table 3 ) . Generally, pedicle dimension increased proportionally with age. With the exception of T1 where PH was highest in the oldest group, PH of T2 to T6 was highest for the age group 30 to 50 years and lowest for the youngest group. With the exceptions of T1 and T4, PW of T2, T3, T5, and T6 was widest for the oldest group and narrowest for the youngest group. ANOVA analysis showed signifi cant P values for all upper thoracic levels.
In addition, the number of subjects with PW less than 4.5 mm was plotted on the basis of the 4 quartiles of age ( Figure 3A ). In levels T1 and T2, virtually no PW was less than 4.5-mm wide, regardless of sub-age groups. From levels T4 to T6, the youngest age group had the biggest percentages of pedicles with PW less than 4.5 mm (35%, 45%, 35%, respectively), the 50-to 70-year age group had the smallest percentages (19%, 22%, 16%, respectively), and the oldest age group had the third smallest percentages (27%, 27%, 17%, respectively).
Body Height
Linear regressions of PH and PW versus body height calculated the coeffi cients at 0.80 to 4.14 mm/m ( Table 2 , With respect to body height (mm), specimens were categorized into 4 quartiles: 1600 mm or less, 1601 to 1699 mm, 1700 to 1799 mm, and 1800 mm or more ( Table 3 ) . Again, pedicle dimension increased proportionally with height. PH was clearly highest in the tallest group and lowest in the shortest group. With the exception of that of T2, PW of T1 and T3 to T6 was also widest in the tallest group and narrowest in the shortest group. ANOVA analysis showed signifi cant P values for all upper thoracic levels.
In addition, the number of subjects with PW less than 4.5 mm was plotted for each of the 4 quartiles of height ( Figure 3B ). In levels T1 and T2, virtually no PW was less than 4.5-mm wide, regardless of subheight groups. From levels T3 to T6, the shortest group had the biggest percentages of pedicles with PW less than 4.5 mm (22%, 51%, 51%, 43%, respectively), the 1700-to 1800-mm group had the smallest percentage (7%, 19%, 20%, 17%, respectively), and the tallest group had the third smallest percentage (8%, 26%, 23%, 18%, respectively).
Body Weight
Linear regressions of PH and PW versus body weight were also calculated ( Table 2 , column C) after correcting for age, sex, race, and height. Comparing a 55-kg (121 lb) person to a 65-kg (143 lb) person, a lengthening of 0.02 to 0.13 mm could be expected in PH, and a widening of 0.06 to 0.1 mm could be expected in PW.
With respect to body weight (kg), specimens were categorized into 4 quartiles: 45 kg or less, 46 to 54 kg, 55 to 63 kg, and 64 kg or more ( Table 3 ) . Again, pedicle dimension increased proportionally with weight. PH was clearly highest in the heaviest group and lowest in the lightest group. With the exception of that of T2, PW of T1 and T3 to T6 was also widest in the heaviest group and narrowest in the lightest 
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Direct caliper: CS, Kim, 21 Chaynes et al. 26 CT: Zindrick et al, 15 Datir and Mitra, 24 Liau et al, 17 Zhuang et al. 16 Three-dimensional morphometer: Panjabi et al. 12 PW indicates pedicle width; PH, pedicle height; CS, current study; CT, computed tomography.
group. ANOVA analysis showed signifi cant P values for all upper thoracic levels. In addition, the number of subjects with PW less than 4.5 mm was plotted for each of the 4 quartiles of weight ( Figure 3C ). In levels T1 and T2, virtually no PW was less than 4.5-mm wide, regardless of subweight groups. From levels T3 to T6, the lightest group had the biggest percentages of pedicles with PW less than 4.5 mm (23%, 40%, 40%, 36%, respectively), and the heaviest group had the smallest percentages (7%, 20%, 22%, 15%, respectively).
Sex and Race
With respect to sex, males had larger PH and PW than females from levels T1 to T6 ( Table 4 ). Student t test showed signifi cant P values for all upper thoracic levels. On the contrary, there were no consistent differences between Caucasians and African Americans ( Table 4 ). However, Caucasians had higher PH than African Americans at levels T2, T3, and T6, and Caucasians had wider PW than African Americans at levels T1 and T2.
DISCUSSION
Transpedicular screw fi xation has long been used as a reliable method to correct spinal deformity, as well as osteoporotic and traumatized spines. It is preferred over traditional hook and rod instrumentation systems for superior 3-column fi xation and higher pullout strength. 9 , 27 Traditionally, pedicle screw fi xation was primarily used in the cervical and lumbar regions 9 , 28 , 29 ; its use in thoracic areas was becoming more prevalent. 7 , 30 However, due to its proximity to important neurovascular structures, transpedicular instrumentation in the upper thoracic spine has been applied with caution. 31 , 32 The increased application of transpedicular screw instrumentation warranted studies that can better defi ne pedicle dimensions for spinal surgeons. The primary goal of this study was to quantify the dimensions of the upper thoracic pedicles and to better defi ne the demographic factors that could ultimately govern the caliber selection of pedicle screws.
Thoracic pedicle morphometry has been studied extensively during the past 2 decades, either directly or by radiological measurement. [15] [16] [17] [18] [19] [20] [21] [22] The differing sample sizes, methods, and populations of the studies contributed to the wide disparity in the reported results. The best method of determining true pedicle dimensions is by direct and careful measurement of cadaveric specimens. Transverse pedicle angle and sagittal pedicle angle are also important in operative planning and execution. However, we did not study them as they have been measured in great detail in the literature with goniometer, 19 , 22 , 26 Steinmann pin, 33 and imaging. 12 , 15 In this study, all levels of the upper thoracic spine of 503 specimens were analyzed using direct caliper measurement. PW is widely accepted as the limiting factor in determining screw caliber selection due to its smaller size compared with PH, which is consistent with our fi ndings. PW exhibited a narrowing pattern from T1 to T6, raising concerns about the safety of a 4.5-mm screw placement beyond T3 level. A comparison of the results of this study with those of other morphometrical studies is shown ( Table 5 ). 14 concluded that PW of elderly subjects between 62 and 85 was too small to fi t a traditional 4.5-mm screw. They did not, however, perform a direct quantitative comparison with younger subjects. This study showed that pedicle dimensions generally increased with age. PW was wider in the 50-to 70-year group and more than 70-year age group than the 2 younger age groups; PW was the widest at T2, T3, and T6 in the most elderly group. Although spinal and long bone growth peaks in adolescents between 15 to 18 years of age, 34 bones continue to attain size even into the third decade in healthy young adults who are physically active and maintain proper nutrition. 35 , 36 Our data showed that PW increased an average of 4.9% and 5.1% from less than 30-year age group to 30-to 50-year age group and from 30-to 50-year age group to 50-to 70-year age group, respectively. On the contrary, only an averaged PW elevation of 0.4% was observed from 50-to 70-year group to more than 70-year age group. Though bone growth is still evident along the entire age spectrum, its rate is modest at best past the third decade and minimal past the fi fth or sixth decade. Age-related decline in bone mineral density and increase in porosity contribute to vertebral deformation, 37 , 38 which could explain, at least in part, the elevations in pedicle dimensions as people aged. Although the percentages of PW less than 4.5 mm were smaller for the 2 older groups than for the 2 younger groups, pedicles of the elderly may lack the necessary tensile strength to accept and hold instrumentation. Therefore, we have to consider biomechanical properties of pedicles, in addition to PW, when evaluating candidacy of older individuals for transpedicular screw fi xation.
The contemporary population boasts a much larger BMI (28.7 kg/m 2 ) 39 than the people of this study from almost 1 century ago (19.5 kg/m 2 ), much of which is contributed by the obesity epidemic. To our knowledge, this is the fi rst study of how pedicle dimension varies with body weight. PH and PW increased with weight. Compared with that of the lightest group, PH of the heaviest group was as much as 0.89-mm higher, and PW was as much as 0.63-mm wider. Obese individuals are at decreased risk of developing osteoporosis due to increased weight bearing on the skeletal system. Regarding concerns about difference in pedicle dimensions between contemporary population and people who died 100 years ago, morphometric data from 2 recent American studies 12 , 15 were analyzed. In general, the mean values of pedicle dimension are similar between this study and these 2 studies ( Table 5 ) , which suggests that pedicle dimensions of individuals from 100 years ago have not changed in a great degree when compared with those of the contemporary population.
Furthermore, body height is an important, but often overlooked predictor of pedicle dimensions. Only one study of pedicle dimension variation with body height has been published. Zhuang et al 16 found that body height was one of the main factors that contributed to the variation in pedicle size among different ethnic and sex groups. The results from this study are consistent with their fi ndings. Pedicle dimensions increased with height. Compared with that of the shortest group, PH of the tallest group was as much as 1.9-mm higher, and PW was as much as 0.96-mm wider.
A discrepancy between pedicle dimensions and screw caliber may lead to pedicular fracture, anterior perforation, and even damage to the vital nearby neurovascular structures. Understanding the factors that defi ne the morphology of the upper thoracic pedicles and choosing the correct pedicle screw, therefore, would be the key for successful transpedicular screw instrumentation. This study quantitatively stratifi es the effects of demographic factors and body height and weight on pedicle dimensions. With our data, we can extrapolate sensitive cutoffs of demographic characteristics that would predict a more successful outcome for a patient undergoing an upper thoracic transpedicular procedure. For example, if the patient were older than 60 years, male, and with a body height greater than 1800 mm and heavier than 64 kg, the chance of the upper thoracic pedicles being less than 4.5 mm was essentially zero.
CONCLUSION
This large study of upper thoracic vertebrae of 503 American specimens characterized the relationship between pedicle dimensions and a variety of demographic factors. Age, sex, body height, and weight infl uenced pedicle dimensions in a statistically signifi cant fashion, with male, older, taller, and heavier individuals having larger pedicles. However, the difference in pedicle dimensions between Caucasians and African Americans largely was not statistically signifi cant.
➢ Key Points
From levels T1 to T6, PH generally increased in size, whereas PW decreased in size. PW is the limiting factor in determining screw caliber selection due to its smaller size compared with PH. Age, sex, body height, and weight are 4 of the main factors that signifi cantly contribute to the variation in upper thoracic pedicle dimensions of American population, with male, older, taller, and heavier individuals having larger pedicles. If the patient were older than 60 years, male, and with a body height greater than 1800 mm and heavier than 64 kg, the chance of the upper thoracic pedicles being less than 4.5 mm was essentially zero.
